Abstract. Differences in larval habitats cause variation in the size of Aedes aegypti (L.) adults. We suspected that such size variation was related to the ease with which the mosquitoes could be infected with dengue virus. Using a rearing procedure that produced three distinct size classes of mosquitoes, we determined the percentage of mosquitoes that developed disseminated dengue-2 infection following oral feeding with a suspension containing 3.3 ϫ 10 7 plaqueforming units/ml. Mosquitoes were reared from eggs deposited by females captured in either of two villages in Chachoengsao Province or in Bangkok, Thailand. More of the larger mosquitoes (10.7%) were infected than the medium (5.6%) or small (5.7%) mosquitoes. Mosquitoes from Bangkok were less easily infected (5.0%) than mosquitoes from either of the two villages (8.5% and 10.7%). These results suggest that quantitative risk assessment of dengue transmission may be very difficult unless inoculation rate is measured directly. Also, control procedures that reduce density of larvae in individual containers may exacerbate dengue transmission by creating larger mosquitoes that are more easily infected.
Dengue fever and its more severe form, dengue hemorrhagic fever, are illnesses caused by infection with any of four dengue virus serotypes. The diseases occur throughout the tropics and subtropics, roughly corresponding to the distribution of the virus' main vector, Aedes aegypti (L.). Currently, prevention of dengue depends entirely on vector control because vaccines are still under development. Vector control has met with varying degrees of success, ranging from elimination of Ae. aegypti and dengue from much of the Western Hemisphere during the 1960s and 1970s l to the alarming rate of transmission which continues in Thailand despite application of larval and adult control measures by the Ministry of Public Health. 2 The challenges to vector control programs continue to increase because of competition for public health budgets and because of expansion of dengue foci caused by urbanization 3 and rapid public transport. 4 One of the ways to make vector control more efficient is to target control measures specifically to those portions of the mosquito population most likely to transmit the pathogen (e.g., those physically located closer to a human population, those older mosquitoes that have taken a blood meal). Presumably, mosquitoes capable of transmitting virus are likely to come from the portion of the population most easily infected and most likely to survive long enough to incubate the virus to infectious levels.
We considered that the size of Ae. aegypti females might be one of the factors influencing their infectability, especially since larger size had already been associated with longer survival in laboratory studies 5 and our unpublished studies had shown that parous (and therefore older) females were significantly larger than nulliparous females in rural Thailand. Also, the size of adults was known to depend on variations in the larval habitat, including larval density 6, 7 and water temperature. 8, 9 To test whether size influenced infectability, we reared three size classes of Ae. aegypti from eggs deposited by wild females collected at three nearby locations in Thailand. Mosquitoes were fed on a suspension containing dengue-2 virus, held for 14 days, and then tested for presence of virus in their heads.
MATERIALS AND METHODS
A technique for rearing three distinct size classes of Ae. aegypti was developed to provide material for further experiments. The source of mosquitoes for this preliminary work was a colony that had been maintained at Mahidol University for two years. Initial results showed that small mosquitoes produced by variation in temperature or quantity of food survived poorly in the laboratory and emerged over a large number of days. Both of these problems were eliminated by manipulating size through alterations in the density of larvae, with only small adjustments in the quantity of food.
The rearing procedure began with larvae hatched from eggs stored at 28 C on moist filter paper. Either 50, 100, or 200 first instars were placed in plastic pans (25 cm ϫ 24.5 cm ϫ 10.5 cm high) containing two liters of aged (five days) tap water. Larvae were fed Tetramin E (TetraWerke, Ulrich Baenasch, Melle, Germany) ground fish food at the quantities listed in Table 1 . Emerging adults were held at 28ЊC with access to 10% sucrose solution for at least 24 hr before freezing the mosquitoes for storage prior to measuring their wings.
Wings were measured by removing the right wing from a mosquito and sticking it to a small rectangle of clear adhesive tape. The tape was then inverted and stuck to a microscope slide. The slide was viewed under a dissecting microscope equipped with a drawing tube so that the image appeared to be superimposed on the surface of a digitizing pad (Numonic Corp., Montgomeryville, PA). The red light-emitting diode of the pointing device was positioned over the image of the wing's axillary sulcus and then over the image of the apical margin (excluding fringe scales) farthest from the axillary sulcus, 8 clicking the pointer at each location. The length in millimeters was automatically recorded by SigmaScan software (Jandel Scientific, Inc., Corte Madera, CA). The system was calibrated with a slide micrometer before each session of measuring.
For studies of relative rate of oral infection with dengue virus, Ae. aegypti at three different locations were captured as they landed to bite. One location was the Raminthanivej development in the Jorakheaboa section of Ladpao, Bangkok, an intensively developed urban area with multistory buildings and dense traffic patterns. The other two sites, Village 6 and Village 9, were located 100 km to the east in Hua Sam Rong District, Plaeng Yao County, Chachoengsao Province. The two sites were only 3 km apart and surrounded by rice fields and orchards. Each village consisted of fewer than 120 houses supplied with water by wells and stored rain. All three sites had experienced dengue transmission during the previous year.
The human use protocol of this study was reviewed and approved by the Human Use Review Board of the Walter Reed Army Institue of Research (Washington, DC) following approval of the protocol by the Ministry of Health of Thailand. The protocol included informed consent of those intentionally feeding their blood to captured mosquitoes. Captured mosquitoes were held until they had oviposited. The eggs were stored on moist filter paper, hatched, and reared as described above to produce three distinct size classes. These F 1 mosquitoes were held at 28ЊC, with a photoperiod of 12:12::L:D for 5-10 days, removing 10% sucrose solution three days before conducting feeding experiments. The virus for feeding experiments was dengue-2 virus (New Guinea C) that had been plaque purified and passaged five times in C6/36 cells. 10 This isolate was used because of its availability to other laboratories for potential comparison and because of experience in handling it in our own laboratory. The virus was stored by freezing the supernatant medium in 1-ml aliquots at -70ЊC in glass vials. 11 The concentration of virus was measured by plaque assay in LLC-MK 2 cells, 12 and it was determined that the concentration was 2 ϫ 10 8 plaque-forming units (PFU)/ml. This virus suspension was mixed in equal parts with two other components to make a feeding mixture with a final concentration of 7 ϫ 10 7 PFU/ml. The other two components were 10% sucrose solution and washed (three times in normal saline to remove antibodies and products of hemolysis 13 ) human erythrocytes. 14 The feeding suspension was offered to mosquitoes in a glass cell covered with bovine intestinal membrane and warmed to 37ЊC with water cycled through a circulating water bath. Previous work had shown that virus titer did not change during feeding under these conditions. 14, 15 Mosquitoes that took a full blood meal within an hour (stage 5 16 ) were then held for 14 days at 32 C and frozen at -70ЊC before testing them for viral infection.
Viral infection of mosquitoes was determined using an indirect immunofluorescent assay 17 of the heads of individual mosquitoes. Heads were removed from mosquitoes using a clean scalpel and placed in a row on a slide. Another slide was placed over them and the heads were squashed by applying light pressure over each one with the end of a pencil eraser. The slides were separated, large pieces of chitinous material were removed, and the slides were allowed to air dry. These slides were fixed in cold (-20ЊC) acetone for 10 min and air-dried. The primary antibody was polytypic antidengue harvested from mouse ascitic fluid 18 diluted 1:160 in phosphate-buffered saline, pH 7.5 (PBS). This antibody preparation was applied to the slide and incubated 30 min at 37ЊC in a humidified chamber. Following 10 min of washing in PBS, the secondary antibody (fluorescein isothiocyanate-conjugated sheep anti-mouse IgG diluted 1:40 in PBS) was applied and the slide was incubated for 10 min at 37ЊC. The slide was washed again in PBS, air dried, and covered with a coverslip applied to a glycerol and PBS (9:1) mounting medium. A mosquito head with dengue virus was easily detected by the appearance of fluorescence in a perinuclear halo in many cells.
Data were analyzed with SPSS software (SPSS Inc., Chicago, IL). The difference in wing lengths of mosquitoes in different size classes was tested using a one-way analysis of variance with Student-Neuman-Keul's test of differences between means. The number of infected versus uninfected mosquitoes was tested using Pearson's estimate of chisquare. Ninety-five percent confidence limits of percentages were calculated from the binomial distribution.
RESULTS
Varying larval density during rearing was a practical means of producing distinct size classes of mosquito adults (Table 2 ). Mean wing length was statistically different for each size class and survival was 94-98%. Pupation occurred during a short, predictable interval, making it possible to plan feeding experiments efficiently. Both geographic origin and size of mosquitoes appeared to influence the proportion of mosquitoes infected with dengue virus following oral feeding. Variations between infection of mosquitoes from different locations were statistically significant, with the greatest difference being between Village 9 (10.7% infected) and Bangkok (5.0% infected), when all sizes of mosquitoes were considered together (Table 3) . A significantly greater proportion of the large size class was infected (10.7%) than of the medium (5.6%) or small (5.7%) size classes (Table 4 ). Since the proportions of infected mosquitoes from the two village sites were similar, comparisons were made between the combined rural locations and Bangkok for each size class ( Table 5 ). The contrast between locations was strongest for the largest size class, with 13.4% infection in mosquitoes from the rural sites and 6.4% infection in mosquitoes from Bangkok. There was also a difference in the medium size class, with 7.6% and 3.3% infection in mosquitoes from the rural and Bangkok sites, respectively. The small size class, however, showed no difference between the rural sites (5.6% infection) and the Bangkok site (5.9% infection). Combining the two smallest size classes, there was a difference between the Bangkok (4.2%) and rural (6.6%) sites, but the difference was not statistically significant ( 2 ϭ 1.82, degrees of freedom ϭ 1, P ϭ 0.18). Also of note was the similarity of infection rates between size classes of mosquitoes from Bangkok, in contrast to the marked difference in infection rates between size classes of mosquitoes from the rural sites. Since the wing lengths of mosquitoes tested for infection were not measured, there may be some doubt about whether geographic differences were actually size differences.
DISCUSSION
The results of this study showed that orally administered dengue-2 virus infected Ae. aegypti at different rates depending on larval rearing conditions and geographic origin of the mosquitoes. Larvae reared under uncrowded conditions (50 larvae in two liters of water) produced larger mosquitoes that were infected almost twice as often as mosquitoes reared under moderately crowded (100 larvae/two liters) or crowded (200 larvae/two liters) conditions. Mosquito size could have a direct effect on infection due to the greater volume of blood ingested by larger females. One of the only other studies of mosquito size and virus infection came to the opposite conclusion, with the smallest Ae. triseriatus (Say) infected most easily with LaCrosse encephalitis virus. 19 Our observations on Ae. aegypti and dengue virus contrast sharply with those on Ae. triseriatus and La Crosse virus, suggesting that each mosquito-virus system has its own particular characteristics.
The origin of the Ae. aegypti mosquitoes also affected the rate of dengue-2 infection. Mosquitoes from Chachoengsao Province reared under uncrowded or moderately crowded conditions were infected at a significantly higher rate than mosquitoes from Bangkok, even though the sites were only 100 km apart. There was no difference between locations for the smallest size class of mosquitoes, suggesting that the factors decreasing susceptibility of small mosquitoes can overcome the differences associated with geographic origin. Since mosquitoes reared for infection experiments were not measured for wing length, it is possible that the geographic differences were actually size differences resulting from genetic variation in response to identical larval nutritional regimens. Even if this is the case, the conclusion would be that genetic differences between geographically distinct populations result in differences in infection rate. Other studies have documented large variation in susceptibility of Ae. aegypti to oral infection with dengue-2 virus. Gubler and others 20 examined 13 geographic strains of mosquitoes, showing that strains varied between 6.4% and 57% infected. They found that the differences were controlled genetically and that the offspring of mixed crosses tended to inherit the lower susceptibility. Tardieux and others 15 found up to an eightfold difference (5.5-43%) in infection among 18 geographic strains. Their study also documented significant variation (10.3-21% infection) between strains of Ae. aegypti collected from different locations within a single city (Noumea, New Caledonia).
Calculation of dengue risk for humans involves assumptions about the percentage of mosquitoes that become infected following ingestion of virus; therefore, variation in vector susceptibility presents a considerable challenge to practical risk assessment. Apparently, each geographic strain of Ae. aegypti varies in susceptibility, even within relatively small areas. Genetically controlled susceptibility 14, 20, 21 might change over time as individual populations expand or contract under the influence of other selective pressures. Larval conditions also influence susceptibility, so that changes could be caused by factors affecting the larval environment, including seasonal variation and human cultural practices. Finally, vector susceptibility is influenced by dengue serotype and individual virus strain, 22 making prediction even more difficult. To measure risk accurately, it would probably be necessary to measure the mosquito infection rate directly by capturing female Ae. aegypti and sampling them for virus.
The influence of conditions in the larval habitat on susceptibility of adult Ae. aegypti to dengue infection not only complicates risk assessment, but also has important practical implications for vector control. Larger mosquitoes are more easily infected, live longer, 5 and blood feed more successfully. [23] [24] [25] In our study site, only a small proportion of the mosquitoes were large enough to be in the most easily infected size category (Strickman D, Kittayapong P, unpublished data). Any control measure or change in human activity that tended to decrease larval density (e.g., loosely fitting lids on containers 26 ) would increase the number of highly susceptible mosquitoes. The result could be an increase in the vectorial capacity of the local Ae. aegypti population, despite a decrease in the total number of mosquitoes. Development of new tools for control of Ae. aegypti should stress complete elimination of larvae from individual sites and destruction of older adult mosquitoes.
